PURPOSE. This study aims to investigate quantitative basal blood flow as well as hypercapnia-and hyperoxia-induced blood flow changes in the retinas of the Royal College of Surgeons (RCS) rats with spontaneous retinal degeneration, and to compare with those of normal rat retinas. METHODS. Experiments were performed on male RCS rats at post-natal days P90 (n ϭ 4) and P220 (n ϭ 5), and on agematched controls at P90 (n ϭ 7) and P220 (n ϭ 6). Hyperoxic (100% O 2 ) and hypercapnic (5% CO 2 , 21% O 2 , balance N 2 ) challenges were used to modulate blood flow. Quantitative baseline blood flow, and hypercapnia-and hyperoxia-induced blood flow changes in the retinas were imaged using continuous arterial spin labeling MRI at 90 ϫ 90 ϫ 1500 m. RESULTS. In the normal rat retinas, basal blood flow of the whole-retina was 5.5 mL/gram per min, significantly higher than those reported in the brain (ϳ1 mL/gram per min). Hyperoxia decreased blood flow due to vasoconstriction and hypercapnia increased blood flow due to vasodilation in the normal retinas. In the RCS rat retinas, basal blood flow was diminished significantly (P Ͻ 0.05). Interestingly, absolute hyperoxia-and hypercapnia-induced blood flow changes in the RCS retinas were not statistically different from those in the normal retinas (P Ͼ 0.05). However, blood flow percent changes in RCS retinas were significantly larger than in normal retinas due to lower basal blood flow in the RCS retinas. CONCLUSIONS. Retinal degeneration markedly reduces basal blood flow but does not appear to impair vascular reactivity. These data also suggest caution when interpreting relative stimulus-evoked functional MRI changes in diseased states where basal parameters are significantly perturbed. Quantitative blood flow MRI may serve as a valuable tool to study the retina without depth limitation. (Invest Ophthalmol Vis Sci. 
R etinitis pigmentosa (RP) is a family of retinal diseases associated with progressive photoreceptor degeneration; it affects ϳ1.5 million people worldwide. 1 The Royal College of Surgeons (RCS) rat 2, 3 is an established model of RP due to a mutation in the Mertk gene 3 that results in impaired phagocytosis of photoreceptor segments by the retinal pigment epithelium. While RCS rat retinas have been well characterized genetically 3 and histologically, 4 -7 the lack of noninvasive imaging techniques has limited the investigation of basal blood flow, oxygenation, functional hemodynamic responses, and temporal progression of this disease in vivo. There is evidence that environmental factors may play an important role in RP progression. Moreover, a number of potential preclinical treatments, including vitamin A supplementation, intravitreal administration of growth factors and neuroprotective drugs, 8 gene therapy, 9 and prosthetics, 10 show evidence of slowing or reversing retinal degeneration. Noninvasive imaging technologies able to image physiological and functional changes of the retina in vivo could improve longitudinal staging, pathophysiologic characterization, and evaluation of therapeutic intervention for retinal degeneration and other retinal diseases.
The retina has most often been studied using optically based imaging techniques. These techniques include fundus and optical coherent tomography 11, 12 for imaging anatomy; phosphorescent imaging 13 and intrinsic optical imaging for imaging oxygenation 14 -16 ; fluorescein angiography, 17 indocyanine green angiography, 18 scanning laser ophthalmoscopy, 19 laser Doppler flowmetry (LDF), and laser speckle imaging 20, 21 for imaging blood flow (BF). Optically based imaging techniques require an unobstructed light pathway, and the constrained illumination angle limits the field of view. With the exception of structural assessment by optical coherence tomography, 12 optically based techniques are limited to imaging the retinal surface. Moreover, the above mentioned BF techniques can only measure BF in large or superficial vessels, which may not accurately reflect local tissue perfusion. Choroid BF in the foveal region where retinal vessels are absent has been reported using Heidelberg retina flowmeter, 22 indocyanine green angiography, 23 and the scanning laser ophthalmoscope. 19 Scanning laser ophthalmoscopy has also been used to image flow velocity in different vessels sizes associated with hypoxia and hyperoxia. 24 In contrast, magnetic resonance imaging (MRI) has a large field of view, no depth limitation and, importantly, can provide structural, physiological (BF and oxygenation), and functional information in a single setting. The drawbacks of MRI are lower spatial resolution and longer acquisition times compared to optically based imaging techniques. Nonetheless, it has recently been demonstrated that MRI can resolve layer-specific retinal anatomy [25] [26] [27] and blood oxygenation level-dependent (BOLD) functional MRI responses associated with hypercapnic, 26 hyperoxic, 26 and visual 28 stimulations in the retina. These studies demonstrate that high-resolution MRI of the retina is feasible.
BF by MRI can be made using an exogenous intravascular contrast agent or by magnetically labeling the endogenous water in blood. 29 The latter-commonly referred to as arterial spin labeling (ASL) MRI-yields quantitative BF and dynamic BF changes associated with functional stimulation in normal and diseased brains. 29 -31 BF in mL per gram of tissue per minute can be measured on a pixel-by-pixel basis by determining the arterial input function or labeling efficiency without the need for visualizing flow in individual blood vessels. BF MRI to study quantitative basal BF, stimulus-evoked, and pathologyinduced BF changes in the brain has been well described. [31] [32] [33] [34] However, the small transverse dimension of the retina (267 m thick, including the choroid 26 ), demands very high spatial resolution if such measurements are to be recapitulated in the retina.
It has been well documented in many neurodegenerative diseases that BF in the brain is diminished and its responses to stimulations are compromised. [35] [36] [37] These MRI parameters have often served as surrogate markers for disease progression in vivo. We made similar predictions that BF and its responses to stimulation in retinal degeneration are perturbed in the RCS retinas. We used BF MRI to investigate basal BF, and vascular reactivity to oxygen and carbon-dioxide breathing in RCS rat retinas and compared measurements to normal age-matched controls. BF MRI used the continuous ASL technique 31, 38 with a separate neck coil for arterial spin labeling and snap-shot echo planar imaging acquisition at 90 ϫ 90 ϫ 1500 m. Quantitative BF measurements allow BF comparison of the retina between experimental groups. BF MRI offers some unique advantages and has the potential to complement existing optical retinal imaging techniques.
MATERIALS AND METHODS
Animal Preparation. All experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Long-Evans RCS rats at post-natal day P90 (n ϭ 4) and P220 (n ϭ 5) and control normal Long-Evans rats at P90 (n ϭ 7) and P220 (n ϭ 6) were studied. Complete photoreceptor degeneration is expected by P90 in RCS rats. 5, 39 Rats were anesthetized with 1.1% isoflurane, paralyzed with pancuronium bromide (3 mg/kg first dose, 1 mg/kg/hr, ip) and mechanically ventilated. Continuous monitoring of end-tidal CO 2 by capnometer (Surgivet, Waukesha, WI), heart rate and arterial oxygen saturation by pulse oximeter (Nonin-8600; Nonin, Plymouth, MN), and rectal temperature by animal temperature probe (Digisense; Cole Palmer, Vernon Hills, IL) were performed and maintained within normal physiological ranges unless otherwise perturbed. We previously confirmed that air ventilation during baseline measurements maintains normal arterial pO 2 .
33,40
Inhalation Stimuli. Hyperoxic (100% O 2 ) and hypercapnic (5% CO 2 , 21% O 2 , balance N 2 ) challenges were used to modulate BF. Images were acquired continuously for 12 minutes, wherein 6 minutes of data were acquired during baseline (air) and 6 minutes during hyperoxic or hypercapnic challenge. A break of 10 to 15 minutes was given between each stimulus. This duration has been shown previously to be more than sufficient for the systemic circulation to return to baseline as demonstrated by MRI monitoring of BF and oxygenation (i.e., BOLD functional MRI of the brain), exhaled O 2 and CO 2 monitoring, as well as blood-gas measurements in rat studies. 33, 41 In the present study, invasive blood-gas sampling was avoided and only endtidal CO 2 , which has been calibrated against blood gases, was monitored and maintained within normal physiological ranges. Typically, two to three trials of hyperoxia and hypercapnia were studied on the same animal and the presentation order was randomized, with the entire study lasting 3 to 4 hours. Basal BF was taken from the baseline measurements before each hypercapnic and hyperoxic challenge.
MRI Methods.
MRI studies were performed (Bruker 7-Tesla/ 30-cm magnet and a 40 G/cm B-GA12 gradient insert, 150 s risetime; Bruker, Billerica, MA). Rats were placed onto a head holder consisting of ear and tooth bars. A small circular surface coil (inner diameter ϳ7 mm) was placed on the left eye. A butterfly neck coil, built into the cradle, was placed at the neck position for continuous arterial spin labeling. 31, 38 The two coils were actively decoupled. Scout anatomic images at three orthogonal axes were acquired to guide placement of a single imaging slice bisecting the center of the eye at the position of the optic nerve head. BF MRI was acquired using the continuous ASL technique 31, 38 with four-segment, gradient-echo, echo planar imaging (EPI). The continuous arterial spin labeling used a 2.9 second square radiofrequency pulse to the labeling coil in the presence of 1.0 G/cm gradient. Paired images were acquired in an interleaved fashion, one with arterial spin labeling and the other without spin labeling. For the non-labeled images, the sign of the frequency offset was switched to control for undesirable off-resonance (magnetization transfer) effect. 42 The labeling plane is perpendicular to the flow direction at the neck position. The other MRI parameters were: field of view (FOV) ϭ 11.5 ϫ 11.5 mm, matrix 128 ϫ 128 (90 ϫ 90 m), slice thickness ϭ 1.5 mm, repetition time (TR) ϭ 3.0 seconds per segment (90°flip angle), and echo time (TE) ϭ 14 ms.
Data Analysis. Image analysis used codes written in a technical computing language (Matlab; MathWorks Inc, Natick, MA) and functional MRI (fMRI) analysis software (STIMULATE; University of Minnesota, Minneapolis, MN). Images were acquired in time series, including anatomic images, and corrected for motion and drift before averaging pixel-by-pixel off-line, as described previously. 26 BF signals (S BF ) with intensity in unit of mL/g per min were calculated pixel-by-pixel using 31 where S N and S L are signal intensities of non-labeled and labeled images, respectively; is the water tissue-blood partition coefficient and was taken to be 0.9.
43 A whole-retina T 1 value of 1.7 seconds (Nair G, unpublished data, 2008) was used, consistent with the brain T 1 of 1.6 to 1.8 seconds at 7 T. 44 ␣, the spin labeling efficiency, was measured previously to be 0.8.
31
BF percent-change color maps overlaid on BF images were obtained for display purposes, using cross-correlation analysis with Ͼ90% confidence level by matching the BF signal time courses to the expected stimulus paradigm. To objectively quantify BF and minimize partialvolume effect, automated profile analysis was performed 26 instead of ROI analysis. The retina was first detected using an edge-detection technique. Radial projections perpendicular to the vitreous boundary were then obtained with (3ϫ) spatial interpolation, which allows automated analysis. Such spatial interpolation was confirmed not to significantly alter peak width and height. 26 BF values for the entire retinal thickness were determined as a function of distance from the optic nerve head. BF profiles were also plotted across the thickness of the retina and averaged along the entire length of the retina. BF value was taken at the peak of the profile as opposed to area under the curve because retinal thickness changed in RCS rats.
Baseline BF was taken before each hypercapnic and hyperoxic challenge (6 minutes of data). The data during the transition to the new gas (2 minutes of data) were discarded. BF for the physiologic stimulation period was obtained after the signal had reached steady state (4 minutes of data). We have previously shown that steady state is reached within 1 to 2 minutes after switching to a new gas (either 5% CO 2 or O 2 ) where BF and oxygenation (i.e., BOLD fMRI) in the rat brain were imaged under essentially identical setup. 40 Reported values were in mean Ϯ SD and error bars were standard errors of the means. All statistical tests used Student's t-test with P Ͻ 0.05 indicating statistical significance. Figure 1A shows a quantitative BF image of a normal retina. To confirm that BF was the source of the signals, measurements were repeated after rats were killed in the scanner. Figure 1B Representative BF images of a P90 control rat and a P90 RCS rat are depicted in Figure 2A . There were significant quantitative BF differences between normal and RCS retinas. Figure 2B shows the BF profiles across the retinal thickness of the same pair of control and RCS rat retinas. BF in the P90 normal retina was ϳ5.5 mL/gram per min, significantly higher than those reported in the brain (ϳ1 mL/gram per min) under essentially identical experimental conditions. 33, 45 Basal BF in the RCS rat retinas was markedly diminished compared to the age-matched controls.
RESULTS

Basal BF Measurements
The full-width at half maximum (FWHM) of the blood flow profile was 190 m (group average ϭ 198 Ϯ 20 m). Previous determination of retinal thickness including the choroid by anatomic MRI reported a value of 267 Ϯ 31 m. 26 Because retinal BF is expected to be lower than choroid BF, BF FWHM is expected to smaller than anatomic FWHM.
Group-averaged BF as a function of distance from the optic nerve head for control and RCS rat retinas at P90 is depicted in Figure 3 . Basal BF in the RCS rat retinas was significantly diminished across the entire retinal length relative to controls.
BF Response to Hyperoxia and Hypercapnia
Representative BF percent-change maps associated with hyperoxic and hypercapnic challenges from a normal animal are depicted in Figure 4 . Hyperoxia decreased BF due to vasoconstriction, whereas hypercapnia increased BF due to vasodilation. Active pixels are predominantly localized on the retina. Figure 5A summarizes the results of the hyperoxia experiments for P90 and P220 RCS rat and their age-matched controls. Under basal conditions, normal P90 BF was significantly higher than P220 (P Ͻ 0.05), suggesting an age-dependent effect. Hyperoxia significantly decreased BF in both normal and RCS rat retinas (P Ͻ 0.05); absolute hyperoxia-induced BF changes were not statistically different between RCS and normal controls.
Figure 5B summarizes the results of the hypercapnia experiments for P90 and P220 RCS rat and their age-matched controls. Under basal conditions, normal P90 BF was significantly higher than P220 (P Ͻ 0.05). Hypercapnia significantly increased BF in both normal and RCS rat retinas (P Ͻ 0.05); absolute hyperoxia-induced BF changes were not statistically different between RCS and normal controls (P Ͼ 0.05).
Note that basal BF data were obtained immediately before hypercapnic or hyperoxic challenge to minimize the effect of potential physiological fluctuations. In normal animals, basal BF values were not statistically different between the hyperoxia and hypercapnia groups. In RCS animals, basal BF values in the RCS groups were slightly different between the hypercapnia and the hyperoxia group, likely due to comparatively larger biological (i.e., disease related) scattering and lower BF contrast. Figure 6 shows the corresponding hyperoxic and hypercapnic responses in percentages. Blood-flow percentage changes in RCS retinas were significantly larger than in normal retinas 
DISCUSSION
This study reports a novel application of MRI to quantitatively image BF and hypercapnia-and hyperoxia-induced BF changes in normal and degenerated retinas. The major findings were that basal BF and stimulus-induced BF changes in the retina can be quantitatively measured, which allows comparison across experimental groups; basal BF in the retina was higher than published basal cerebral BF under essentially identical conditions; BF in the retina was significantly diminished in the degenerated retina; robust hypercapnia-and hyperoxia-induced BF changes were observed in normal retinas; and absolute hypercapnia-and hyperoxia-induced BF changes were similar between normal and RCS retinas, but percent changes were statistically different due to lower basal BF in the RCS rat retinas. These results suggest that vascular reactivity may not be perturbed in retinal degeneration. These results also suggest caution in interpreting differences in relative functional MRI signals in disease states in which basal BF is significantly altered.
Measurement Stability and Partial-Volume Effects
High-resolution MRI of the thin retina is susceptible to drift and movement artifacts. Demands on magnetic field gradient by high-resolution imaging pulse sequences can lead to temperature-induced frequency and signal drift. Perfusion imaging, which requires subtraction of paired images, in particular, may be more sensitive to movement between paired image acquisitions. Hardware stability has previously been evaluated and verified in phantom studies. 26 In addition, the eye may drift slightly over time. We used a combination of isoflurane anesthetic and pancuronium paralytic, which has been demonstrated to essentially eliminate ocular movement over long imaging times. 26 Images were acquired in time series and co-registered as needed before additional data processing (i.e., signal averaging and cross-correlation analysis). Time-loop movies, and signal and center-of-mass time courses were also evaluated to exclude sudden movement or significant drift. These evaluations provided sensitive indicators because signal contamination from either side of the retina due to mis-registration would markedly affect signal intensities.
While the spatial resolution is high compared to typical MRI of rat brains, partial-volume effect may still be significant due to the small transverse dimension and curved geometry of the retina. The 1.5-mm slice thickness was determined to have a partial-volume effect up to 30% of the total retinal thickness due to the retinal curvature (assuming a spherical rat eye of 6-mm diameter). 26 In this study, the in-plane resolution of 90 ϫ 90 m yielded approximately three pixels across the retinal thickness. This spatial resolution could not selectively resolve BF arising from the retinal or choroidal vascular layer, or reveal the avascular layer between the two vascular layers. Future studies will focus on improving spatial resolution and sensitivity. Nonetheless, the current spatial resolution is sufficient to robustly measure basal BF and BF changes across the entire retinal thickness.
BF and BF Responses in Normal Retinas
Basal BF. BF in the whole retina and the ciliary body were high, whereas BF in the cornea and vitreous were essentially absent or within noise level. Basal BF of the normal retina, is in good agreement with a previous report of 6.3 Ϯ 1.0 mL/gram per min using the same technique. 46 Interestingly, basal BF of the whole retina is markedly higher than cerebral BF which has been reported to be 0.9 Ϯ 0.13 mL/gram per min 45 to 1.1 Ϯ 0.04 mL/gram per min 33 under essentially identical experimental conditions, including 1.1% isoflurane anesthesia. BF reported at the current spatial resolution is an average of retinal and choroidal BF. The choroidal BF is about 10 times higher than either cerebral or retinal BF, as determined by the microsphere technique. 47, 48 High choroidal BF appears to be in excess of local metabolic requirements. It has been suggested that high choroidal BF may be necessary to maintain a large oxygenation gradient 49 and/or to dissipate heat produced by light, 50, 51 although these hypotheses remain to be proven. BF along the retina is relatively uniform (rats do not possess a fovea). This appears to contradict the notion that the optic nerve head is densely populated by large arteries and veins. However, the ASL technique is generally less sensitive to large vessels and more sensitive to smaller vessels (such as arterioles, capillaries, and venules). 29, 34 This is because ASL MRI can be tailored to be more sensitive to BF in smaller vessels by adjusting measurement parameters to minimize large vessel contributions. First, inclusion of a delay (i.e., 200 ms) between arterial spin labeling and image acquisition allows labeled spins to leave large arteries and move into smaller vessels, thereby decreasing sensitivity of large arteries. Second, the labeled spins lose substantial contrast (with a time constant T 1 of ϳ2 seconds) by the time they reach large draining veins, thereby decreasing the impact of large veins. In short, ASL MRI can be tailored to more selectively detect BF in smaller vessels, although the exact weighting of ASL signals from different vessel sizes is difficult to quantify. Selectively detecting BF in smaller vessels is advantageous, since it more accurately reflects local tissue perfusion. It is also interesting to note that, in contrast to most optically based approaches, MRI measures tissue perfusion of labeled water in the whole tissue within a voxel without the need to resolve individual vessels.
Hyperoxia. Hyperoxia reduced total BF in the retina of normal animals by 12%. Oxygen breathing constricts vessels in the brain and the retina, resulting in BF reduction. Oxygen breathing has been reported to decrease BF in the retina by 30% using LDF, 52 36% using blue field entoptic technique, 53 and 60% using LDF. 54 -56 Similar observations were also reported using oxygen electrodes 7 and laser speckle imaging. 20, 21 Most of these optical imaging techniques are sensitive to surface retinal vessels with unknown contributions from the choroid. Interestingly, it has been reported that inhalation of oxygen has little effect on choroidal BF when measured using LDF in the human macula where retinal vessels are absent. [57] [58] [59] Given that the choroid BF is about ten times higher than retinal BF, and that choroidal BF appeared to respond weakly to hyperoxia, the overall BF changes detected by MRI are expected to be smaller than compared to optical imaging techniques that are mostly sensitive to the retinal vasculature as was indeed observed. By comparison, oxygen breathing only decreases BF by 13% in awake human brain, 60 suggesting the retinal vessels are substantially more responsive to hyperoxia.
Hypercapnia. Hypercapnia increased total retinal BF by 14% in normal animals. Hypercapnic breathing causes vasodilation in the brain, resulting in BF increase. While there is evidence from LDF and microsphere techniques [61] [62] [63] [64] that hypercapnia elicits vasodilation in both retinal and choroidal blood vessels, with the retinal vessels vasodilating more potently, the literature is sparse and inconsistent. Inhalation of 10% CO 2 in air showed no significant vasodilation in the retinal vessels. 65 Inhalation of carbogen (95% O 2 ϩ 5% CO 2 ) increased choroidal BF by 12.5% Ϯ 11.7%, but inter-subject variations were large. 66 At higher CO 2 concentrations, however, retinal BF was observed to increase 240% and choroidal BF was observed to increase 150% (arterial pCO 2 ϭ 80.9 mm Hg, which we estimated to be Ͼ15% CO 2 effectively). 61 Consistent hypercapnia-induced cerebral BF changes have been reported for awake humans and animals under various anesthetics. Given that choroidal BF is about ten times higher than retinal BF, and that choroidal BF appeared to respond weakly to hypercapnia, the overall BF changes detected by MRI are expected to be smaller than when measured using optical imaging techniques that are mostly sensitive to the retinal vasculature, as was indeed observed. By comparison, hypercapnia increased BF in the brain by 25% 40 and 52% 33 under essentially identical experimental conditions, including 1.1% isoflurane anesthesia.
BF and BF Responses in Retinal Degeneration
Substantial thinning of the retina due to photoreceptor degeneration has been reported by P90 in RCS rats. 5 The total retinal thickness, including the choroid, in P120 RCS rats was 169 Ϯ 13 m by MRI and 169 Ϯ 23 m by histology. This compares with 267 Ϯ 31 m by MRI and 205 Ϯ 11 m by histology in normal rat retina. 26 Gd-DTPA experiments, although confounded by some partial volume effect, suggested that the debris layer present in the degenerated retina of RCS rats is permeable to Gd-DTPA. 26 Breakdown of the blood-retinal barrier to horseradish peroxidase, invasion of retinal-pigmentedepithelium cells into the outer nuclear layer, and neovascularization in RCS retina have been reported. 67 With the observed structural changes, it is reasonable to postulate that blood oxygenation, BF, blood volume, and their responses to physiological challenges are perturbed in the P90 RCS rat retinas. Indeed, attenuated BOLD responses to hyperoxia and hypercapnia have been reported in P120 RCS retinas. 26 Diminished layer-specific BOLD response in the choroidal vasculature is perhaps not surprising since the choroid supplies oxygen to the outer nuclear layer. The reduced BOLD response in the retinal vascular layer could be a secondary effect of photoreceptor degeneration that subsequently induces inner retinal degeneration. Abnormal retinal oxygen profiles in RCS retinas under basal conditions have also been reported, using oxygen electrode measurements. 7 In the present study, basal BF in RCS rat retinas was markedly reduced compared to that of control rat retinas. Given that BF is tightly coupled to basal metabolic activity, reduced basal metabolism of degenerated retinas of P90 RCS rats are expected to lead to reduced basal BF. We found no publication describing LDF and intrinsic optical imaging of the RCS retinas for comparison. There is a substantial literature on brain that supports the notion of diminished BF in many neurodegenerative diseases. [35] [36] [37] Hypercapnia-and hyperoxia-induced absolute BF changes were not statistically different between normal and RCS retinas. Because of the diminished basal BF in the RCS rat retinas, their percent changes were, however, statistically greater than normal. These results suggest that vascular reactivity per se may not be perturbed in retinal degeneration. These findings, if confirmed, could have important implications for fMRI measurement based on percent changes.
In normal animal brains, absolute and relative fMRI signal changes due to forepaw stimulations have been studied under different basal BF and oxygenation by changing inhaled O 2 and CO 2 concentrations. After forepaw stimulation, absolute BF and normalized forepaw stimulation induced BOLD changes were independent of mild perturbations in basal BF and oxygenation. In contrast, forepaw stimulation induced BF and BOLD percent changes varied substantially with mild perturbations of basal BF and oxygenation for the same stimulation parameters. These findings suggest caution in interpreting percent-change fMRI of disease states in which basal BF and oxygenation are perturbed, such as in stroke, aging, and neu-rodegenerative diseases. In brief, these results underscore the importance of measuring absolute physiologic parameters, as they are likely to be important in interpreting fMRI signal changes in disease states.
Corroborative findings associated with retinal degeneration have been extensively reported using oxygenation electrode techniques. In several studies, Yu and colleagues 7, 68, 69 examined the RCS rats and found higher dissolved oxygen levels in the remaining outer retina and a significant alteration in the oxygen flux from the choroid to the inner retina, together with the reduced oxygen input from the deeper capillary layer of the retinal circulation. In Abyssinian cats, 70, 71 another model of hereditary retinal degeneration, the average inner retinal oxygen tension remained within normal limits at all disease stages, despite the observed progressive retinal vessel attenuation. Loss of photoreceptor metabolism allows choroidal oxygen to reach the inner retina, attenuating the retinal circulation.
Finally, it needs to be stated that while LDF, microsphere, and MRI techniques all measure BF, they use different signal sources, and comparisons need to be made with caution. Microsphere techniques may be susceptible to postmortem artifacts and the reported BF values vary depending on microsphere size and concentration. 48 LDF measures BF at a single point. Retinal BF measurements with LDF are contaminated by signals arising from choroidal BF, and choroid BF measurements are limited to the macula where retinal vessels are absent. In general, most optical imaging techniques used to measure BF are heavily impacted by surface vessels. MRI measures BF over a larger area and is more sensitive to smaller vessels. However, MRI requires longer acquisition times and has lower spatial resolution compared to optical imaging techniques. At the MRI spatial resolution reported here, the measured MRI BF is a weighted average of retinal and choroid BF. BF MRI is not limited by depth resolution and has the potential to image layer-specific BF if higher spatial resolution can be achieved and this is under investigation.
CONCLUSIONS
This study demonstrates a novel MRI application to image quantitative BF and hypercapnia-and hyperoxia-induced BF changes in the normal and degenerated retinas. BF MRI has the potential to complement existing retinal imaging techniques. Future studies will focus on improving spatial resolution to distinguish lamina-specific BF in the retinal and choroidal vasculature, investigating visually evoked BF responses, and studying RCS rat retinas at earlier time points to determine the onset of perturbation in layer thicknesses, anatomic MRI contrasts, BOLD fMRI, and basal and hypercapnia-and hyperoxia-induced BF changes. While noninvasive MRI is fully applicable to human studies, clinical translation could be hindered by eye movement and limited spatiotemporal resolution. We are hopeful that these technical challenges can be overcome with rapid advances in MRI technologies (i.e., parallel imaging techniques, sensitive detectors, and magnetic field gradient hardware). Nonetheless, this approach should readily serve as a valuable tool to study BF in animal models of retinal diseases.
